The peripheral neuropathy, Charcot Marie Tooth Syndrome Type 2A (CMT2A) is caused by amino acid substitutions in a component of the mitochondrial outer membrane fusion machine, mitofusin 2 (Mfn2). Mfn2 is predicted to exist in two conformational states, extended and closed; this would require that hinge regions mediate changes in the relative position of the two helical bundle domains (HB1 and HB2). Several disease-associated substitutions are located near the hinge that connects HB1 and HB2. We characterized these Mfn2 variants to assess the role of this domain in mitofusin-mediated fusion. While a fusion defect in cells was not evident, our cell-free mitochondrial fusion assay revealed a fusion deficit, which was compensated for by the addition of a cytosolic fraction. Consistent with this, all four variants had decreased nucleotide-dependent assembly. Given the partial loss of function associated with single substitution, we assessed fusion activity of variants with two substitutions in the hinge region. A variant with substitutions in both HB1 and HB2 was more severely impacted, with less fusion activity than a variant with two substitutions in HB1. These data support a model where conformational changes in Mfn2 require contribution from both helical bundle domains to support nucleotide-dependent assembly.
INTRODUCTION
Mitochondrial dynamics have become increasingly recognized as an important indicator of and contributor to both cellular health and death. Mitochondrial shape and cellular distribution change during the cell cycle, in response to stress, and as part of apoptosis (Scorrano 2013; Horbay & Bilyy 2016; Labbé et al. 2014; Tondera et al. 2009 ). Mitochondria are trafficked on microtubules and the overall shape and connectivity of the mitochondrial network is maintained or modified through mitochondrial fusion and division, which are mediated by membraneremodeling large GTPase proteins of the dynamin related protein (DRP) family (Labbé et al. 2014) . At steady state, it is estimated that mitochondrial fusion and division events are balanced. When mitochondrial division events exceed fusion events, the network fragments into many small individual mitochondria, and this fragmentation is associated with mitophagy and apoptosis. In contrast, when mitochondrial fusion occurs more frequently than division, the result is a more connected network comprised of longer mitochondria, which is associated with increased ATP production; i.e., during a cellular stress response. The importance of these processes and their regulation is highlighted by the association of dysregulated mitochondrial dynamics with various diseases such as Parkinson's disease, diabetes, and peripheral neuropathies (Züchner et al. 2004; Celardo et al. 2014; Vital & Vital 2012 ; Rovira-Llopis et al.
2017; Wada & Nakatsuka 2016).
Mitochondrial DRP-mediated fusion is poorly understood and is mechanistically distinct from both SNARE-and viral-mediated fusion. Fusion DRPs that reside in the outer and inner mitochondrial membranes are mitofusin 1, mitofusin 2 (Mfn1 and Mfn2) and Opa1, respectively. Mfn1 and Mfn2 are functionally related but non-redundant paralogs in mammalian cells (Santel & Fuller 2001; Eura 2003; Chen et al. 2003; Ishihara 2004) . Interestingly, mutations in Mfn2, but not Mfn1, are the main cause of the peripheral neuropathy Charcot Marie Tooth Syndrome Type 2A (CMT2A) (Züchner et al. 2004) . In CMT2A patients, distal nerve degeneration leads to weakness, sensory loss, gait impairment and foot deformations (Gemignani & Marbini 2001) .
Fusion defects associated with some disease-associated variants of Mfn2 can be functionally complemented by Mfn1 (Detmer & Chan 2007b) . Consistent with this, a recent report found that expression of exogenous Mfn1 in neurons of a CMT2A mouse model rescued axonal degradation (Zhou et al. 2019) . The importance of the interaction between the mitofusin paralogs is further highlighted by the observation that the optimal fusion complex is composed of both Mfn1 and Mfn2 (Hoppins et al. 2011) . As with other DRPs, both mitofusins exhibit nucleotide-dependent self-assembly, and the ability to form higher order oligomers has been correlated with fusion activity (Engelhart & Hoppins 2019) . Further supporting a role for assembly in DRP-mediated fusion, intermolecular complementation has been observed between non-functional variants of the yeast mitofusin homolog Fzo1 that possess amino acid substitutions in distinct functional domains (Griffin & Chan 2006) . Consistently, Fzo1 has been shown to form a large docking ring that generates an extensive area of contact at the interface of two mitochondria (Brandt et al. 2016 ).
Mitofusins contain four major structural domains including the GTPase domain, two sequential extended helical bundles (HB1 and HB2) connected by two short loops, and a transmembrane domain (Figure 1 ). The domain organization is similar to the bacterial DRP (BDLP), which has been structurally characterized (Low et al. 2009; Low & Löwe 2006) . In BLDP, the relative positions of these domains changes in different nucleotide states via changes in hinge regions that connect the domains, resulting in either an extended or a closed state ( Figure 1A and B).
It is hypothesized that mitofusin proteins undergo similar structural rearrangements around hinge regions (Jimah & Hinshaw 2019) . Indeed, atomic structures of a minimal GTPase domain construct of Mfn1 demonstrate that relative to the GTPase domain, HB1 can exist in two distinct, nucleotide-dependent conformations due to changes in Hinge 2 (Cao et al. 2017; Yan et al. 2018; Qi et al. 2016) . Furthermore, mini-peptides or small molecules thought to alter the stability of the extended or closed state of mitofusin change the overall structure of the mitochondrial network in cells (Rocha et al. 2018; Franco et al. 2016) .
There are over 100 unique amino acid substitutions associated with CMT2A, located in each of the functional domains of Mfn2 (Stuppia et al. 2015; Verhoeven et al. 2006) . Interestingly, several disease-associated substitutions occur near Hinge 1, suggesting that this domain is functionally important. To gain insight into the role of Hinge 1 in mitofusin-mediated membrane fusion, we interrogated the mitochondrial fusion activity and biochemical properties of diseaseassociated hinge variants. Our data indicate that this region is required for optimal mitochondrial fusion activity and efficient nucleotide-dependent assembly of Mfn2.
RESULTS

Mfn2 hinge variants restore reticular mitochondrial morphology in Mfn2-null cells
We set out to characterize four mutant variants of Mfn2 with amino acid substitutions within or adjacent to Loop 1 of Hinge 1: S378P, A383V, Q386P, and C390F ( Figure 1C ). While all cause CMT2A, S378P (Brockmann et al. 2008 ) and A383V (Muglia et al. 2009 ) have been reported in patients with less severe clinical phenotypes compared to patients with Q386P (Verhoeven et al. 2006 ) and C390F (Feely et al. 2011) , who presented with very early age of onset (<2 years) and severe CMT phenotype (Table S1 ).
We began by analyzing mitochondrial morphology in stable cell lines expressing mutant versions of Mfn2. To create these lines, we introduced either wild type or mutant MFN2 with a C-terminal 3xFLAG tag into Mfn2-null mouse embryonic fibroblasts (MEFs) using retroviral transduction (Chen et al. 2003) . Clonal populations expressing Mfn2 at near-endogenous levels were selected for characterization ( Figure S1 ).
In wild type MEFs, mitochondria were in reticular networks where most of the mitochondria were longer than 2.5µm ( Figure 
Mfn2 hinge variants have an in vitro mitochondrial fusion defect
To quantify the mitochondrial fusion activity of the Mfn2 mutant variants in the absence of cytosolic factors, we utilized a cell-free mitochondrial fusion assay. Mitochondria isolated from cells expressing RFP or CFP targeted to the mitochondrial matrix were mixed, incubated in fusion buffer and then imaged by fluorescence microscopy. Fusion events were scored as the overlap of the two fluorophores in three dimensions. All assays were performed in parallel with mitochondria isolated from wild type cells, and data is expressed as a proportion of WT.
Mitochondria isolated from Mfn2-null cells transduced with empty vector fused at a much lower frequency than wild type controls ( Figure 3A ). Fusion of mitochondria isolated from the clonal population of Mfn2-null cells expressing Mfn2 WT was similar to wild type controls ( Figure 3A ), consistent with the restoration of the mitochondrial morphology in cells. To quantify the fusion activity of the Mfn2 hinge mutants in vitro, mitochondria were isolated from each of the clonal populations described above. In each case, the mitochondrial fusion activity was significantly lower than wild type controls ( Figure 3A ).
The in vitro mitochondrial fusion data revealed that amino acid substitutions in this hinge region diminish the fusion capability of Mfn2. Given that we could not detect a mitochondrial fusion defect in cells, we predicted that a cytosolic factor could be enhancing fusion activity of the mutant variants. To test this in vitro, we performed the mitochondrial fusion assay in the presence of a cytosol-enriched fraction from wild type MEFs. As has been previously reported, the addition of the cytosol-enriched fraction to wild type mitochondria moderately stimulated fusion activity (Hoppins et al. 2011) . In contrast, the cytosol-enriched fraction did not alter the fusion activity of mitochondria isolated from Mfn2-null cells, indicating that Mfn2, but not Mfn1, is regulated by the cytosolic factor ( Figure 3B ). The addition of cytosol also increased the fusion activity of mitochondria that possess the Mfn2 hinge variants similarly to wild type controls ( Figure 3B ). These data indicate that the fusion defect associated with the hinge mutant variants can be compensated for by cytosolic factors in cells.
Mfn2 hinge mutant variants interact with Mfn1 in cis and in trans
Mfn1 and 
Nucleotide-dependent self-assembly is diminished in Mfn2 hinge mutant variants
Defects in mitofusin assembly correlate with reduced rates of mitochondrial fusion in vitro (Engelhart & Hoppins 2019) . To determine the capacity of the Mfn2 hinge variants to assemble, we utilized blue native gel electrophoresis (BN-PAGE). Mitochondria were left untreated or incubated with either GTP or the non-hydrolyzable analog GMPPNP.
Mitochondria were then lysed and separated by BN-PAGE and subject to Western blot analysis. When mitochondria were left untreated, Mfn2 WT In the absence of nucleotide all of the Mfn2 hinge mutants migrated similarly to wild type, with most of the protein in the dimer ( Figure 5 ). In the presence of GTP, the mutants also assembled similar to wild type, with the exception of Mfn2 S378P , which had less protein migrating as a tetramer compared to wild type. Each of the hinge mutants displayed altered assembly relative to wild type Mfn2 in the presence of GMPPNP ( Figure 5B ). Compared to Mfn2 Q386P , and Mfn2 C390F all showed a significantly decreased shift in the amount of protein migrating as a timer ( Figure 5B ). These data indicate that amino acid substitutions in this hinge region prevent the stable assembly of Mfn2 into the predicted trimer in the presence of the non-hydrolyzable GTP analog. Given that these mutant variants also exhibit an in vitro mitochondrial fusion defect, we hypothesize that nucleotide dependent assembly contributes to efficient Mfn2-mediated membrane fusion.
Double hinge mutations reveal that HB1 and HB2 work together in mitochondrial fusion
Our data indicate that the hinge connecting HB1 and HB2 is important for Mfn2 fusion activity, but the biochemical defects associated with each of the mutants are modest. Therefore, we considered the possibility that HB1 and HB2 both contribute to conformational changes at the hinge. If this is the case, amino acid substitutions in both HB1 and HB2 together should be more severe than either single change. To test this hypothesis, we used Mfn2 L710P , a diseaseassociated variant in HB2 that is located near Loop 2 in Hinge 1 (Verhoeven et al. 2006) ( Figure 1, Figure S2 ). This amino acid substitution has been characterized in Mfn1, Mfn1 L691P , which had some fusion activity in Mfn1-null cells (Koshiba et al. 2004 ). We generated double mutant variants of Mfn2 with this mutation and either Mfn2 S378P , which is located in HB1 or Mfn2 C390F , which is located in HB2 (Mfn2 S378P/L710P and Mfn2 C390F/L710P , respectively).
To determine the fusion activity of these double mutant variants, we utilized retroviral transduction to express Mfn2-mNeonGreen (Mfn2-NG) in Mfn2-null MEFs which has previously been shown to restore fusion activity (Engelhart & Hoppins 2019 In Mfn2-null cells expressing the HB2 double mutant Mfn2 C390F/L710P , the mitochondrial morphology was comparable to that in cells expressing Mfn2 L710P alone ( Figure 6 ). In contrast, when both HB1 and HB2 possess an amino acid substitution, there is significantly less mitochondrial fusion. Specifically, in Mfn2-null cells expressing Mfn2 S378P/L710P , most cells possessed a mitochondrial network that was either fragmented or in fragmented aggregates, and only 30% of cells had a reticular mitochondrial network. Together, these results support the conclusion that HB1 and HB2 work together to support Mfn2-mediated membrane fusion.
DISCUSSION
In this study, we performed an in-depth characterization of disease-associated amino acid substitutions located within Hinge 1 of Mfn2, which connects HB1 and HB2. In other DRPs, hinges mediate conformational changes that are required for membrane remodeling function.
The results presented here are consistent with structural models that suggest that this region functions as a hinge and for the first time connects Hinge 1 function to nucleotide-dependent assembly of the mitofusins. These molecular defects also correspond to a decrease in mitochondrial fusion efficiency in vitro, which can be compensated for by cytosolic factors both in cells and in a cell-free mitochondrial fusion assay. is not likely to play a role in assembly as a trimer. Indeed, previously published data from our lab indicate that the BN-PAGE assemblies are homo-oligomers (Engelhart & Hoppins 2019) .
These data are consistent with the hypothesis that the nucleotide binding state of Mfn2 alters the conformational state of the protein which results in the preferential formation of a dimer, trimer, or tetramer. Therefore, the reduced assembly of the trimer by the hinge mutants could be due to aberrant structural rearrangements of HB1 and HB2 as mediated by Hinge 1.
Intermolecular functional complementation between mitofusin molecules has been observed previously. Disease-associated variants of Mfn2 that do not support fusion alone are able to contribute to fusion activity when Mfn1 is also present (Detmer & Chan 2007a) . In yeast, coexpression of two non-functional variants of Fzo1 also results in functional complementation (Griffin & Chan 2006) . These data indicate that different molecules in the fusion complex can contribute different properties. Here we present evidence that different structural domains in a single molecule also work together. When two disease-associated amino acid substitutions are located in the same helical bundle, the fusion activity of Mfn2 is comparable to a single mutant variant. In contrast, one substitution in each HB1 and HB2 results in a significant decrease in 11 fusion activity. These data support the hypothesis that Mfn2 contains at least one functionally important hinge that facilitates structural rearrangement during mitochondrial fusion.
As a whole, the data presented here are consistent with the hypothesis that different nucleotide-dependent conformations support either the formation or stabilization of different assembly states and that the hinge that connects HB1 and HB2 plays a role in this process. 
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MATERIALS AND METHODS
Cell culture
All cells were grown at 37°C and 5% CO2 and cultured in DMEM (Thermo Fisher Scientific) containing 1X GlutaMAX (Thermo Fisher Scientific) with 10% FBS (Seradigm) and 1%
penicillin/streptomycin (Thermo Fisher Scientific). Mouse embryonic fibroblasts cells (Mfn wildtype and Mfn2-null) were purchased from ATCC.
Retroviral transduction and generation of clonal populations
Plat-E cells (Cell Biolabs) were maintained in complete media supplemented with 1 µg/mL puromycin and 10 µg/mL blasticidin and plated at approximately 80% confluency the day prior Clonal populations were generated by plating cells at very low density and clones were collected onto sterile filter paper dots soaked in trypsin. Following expansion, whole cell extract from clonal populations were screened by western blot analysis for mitofusin against wildtype controls.
Transfection and microscopy
All cells were plated in No. 1.5 glass-bottomed dishes (MatTek). Mouse embryonic fibroblasts were incubated with 0.1 µg/mL Mitotracker Red CMX Ros (Invitrogen) for 15 minutes at 37°C with 5% CO2, washed and incubated with complete media for at least 45 minutes prior to imaging. MEFs were imaged at 37°C with 5% CO2. A Z-series with a step size of 0.3 µm was collected with a Nikon Ti-E widefield microscope with a 63X NA 1.4 oil objective (Nikon), a solid-state light source (Spectra X, Lumencor), and an sCMOS camera (Zyla 5.5 Megapixel).
Each cell line was imaged by a blinded researcher on at least three separate occasions (n > 100 cells per experiment).
Image analysis
Images were deconvolved using 8-15 iterations of 3D Landweber deconvolution. Deconvolved images were then analyzed using Nikon Elements software. Maximum intensity projections were created using Photoshop (Adobe). Mitochondrial morphology was scored as follows: reticular indicates that fewer than 30% of the mitochondria in the cell were fragments (fragments defined as mitochondria less than 2 µm in length); fragmented indicates that most of the mitochondria in the cell were less than 2 µm in length; aggregated indicates fragmented mitochondria that were not distributed throughout the cytosol.
Preparation of mitochondria or cytosol-enriched fraction
For each experiment, three to five 15 cm plates each of MEFs were grown to ∼90% 
In vitro mitochondrial fusion
An equivalent mass (12.5 µg) of mtTagRFP and mtCFP mitochondria were mixed, washed in 500uL MIB and concentrated by centrifugation (7400 × g, 10 min, 4°C). Following a 10 min incubation on ice, the supernatant was removed and the mitochondrial pellet was resuspended in 10 µl fusion buffer (20 mM PIPES-KOH [pH 6.8], 150 mM KOAc, 5 mM Mg(OAc)2, 0.4 M sorbitol, 0.12 mg/ml creatine phosphokinase, 40 mM creatine phosphate, 1.5 mM ATP, 1.5 mM GTP) or 10 µl cytosol-enriched buffer (2.5 µL of the cytosol-enriched fraction obtained from WT MEFs and 7.5 µL fusion buffer). Fusion reactions were incubated at 37°C for 60 minutes.
Analysis of mitochondrial fusion
Mitochondria were imaged on depression microscope slides by pipetting 4µL fusion reaction onto a 3% low-melt agarose bed, made in modified fusion buffer ( 
